Parameters optimization in the critical speed region has the important influence on operational stability of an air cycle machine. Effects of bearing stiffness and unbalanced exciting force on critical speed and response characteristics are investigated by the modal method and harmonic response analysis. Resonance separation phenomenon in the critical speed region is analyzed in detail. When difference exists in the phase of unbalanced exciting force, resonance separation appears in the conical whirling speed region. e characteristics after resonance separation are closely related to the phase difference value and amplitude of unbalanced exciting force. e paper provides theoretical and experimental foundations for resonance separation analysis and also provides data support for dynamic balance and dynamic design of the rotor system.
Introduction
Airborne pods are used to enhance the tactical performance of the modern aircraft, including EO targeting pod, military intelligence pod, combat navigation pod, infrared distance pod, and military interference pod, e.g., which expand functionality and performance of the carrying aircraft in the field of electronic countermeasure, reconnoiter, navigation, and guidance. Lots of electronic equipment with features of high integration, high accuracy, and large heat flux are in airborne pods. More stringent requirements for environmental control of airborne pods have come up. An independent environmental control system with advantages of high performance, high reliability, light weight, and high power is the prerequisite for keeping the equipment in airborne pods reliably operate [1] [2] [3] [4] [5] .
Environmental control systems of pods mainly include reverse bootstrap air cycle refrigerating system and steam cycle refrigerating system. e former is simple in structure and has high reliability. Due to ram air with low pressure ability, cooling turbine works in small expansion ratio and enthalpy drop condition, and the refrigerating capacity is limited. Meanwhile, the reverse bootstrap air cycle refrigerating system has no refrigerating capacity on the ground and low control precision in temperature. e latter has advantages of high energy efficiency ratio, temperature control precision, and refrigerating capacity on the ground. But, the steam cycle refrigerating system has some disadvantages of complicated structure, heavy weight, large power, and high maintenance costs [3] [4] [5] . Considering active aircrafts in the current situation of power supply tension and poor temperature resistance, it is necessary to develop the reverse bootstrap air cycle refrigerating system. e core power unit of the reverse bootstrap air cycle refrigerating system is the air cycle machine (ACM). e rotor structure of ACM is the single thrust plate rotor structure of a single-stage radial turbine coaxial with a compressor. Some scholars approached a series of studies on the matching impeller design, optimal design of the bearing, rotor stability control, and machine lightweight in order to enhance refrigerating capacity and power density of ACM. Heshmat et al. discussed bearing design analysis, bearing performance, and system rotor dynamics, including critical speeds and rotor imbalance response during the use of the foil bearing in the aircraft for cabin cooling turbines (ACMs). ey presented full rotor bearing development and operational procedures consisting of test results of steady state and random vibrations obtained from both a rotor-bearing simulator and an actual system and showed by tests that advancements made to the foil-bearing technology over the past two decades offer benefits in temperature margins, load carrying capacity, and tolerance to debris [6] [7] [8] . Xiao et al. [9] carried out the experimental studies on compressor and turbine performances of motor-driven ACM. Hou et al. [10] carried out durability and stability characteristics of compliant foil journal bearing with elastic support by theory and experimental methods.
ey found this compliant foil journal bearing with elastic support can steadily run the turbo expander with a 25.0 mm diameter rotor revolving at 14.8 × 10 4 r/min and had excellent performance in terms of stability and durability. Heshmat [11] used coupled finite element and finite difference methods to analyze gas-lubricated foil-thrust bearings and provided an efficient technique to deal with the complex structural compliance of various foil bearings. Chen et al. [12, 13] conducted an experimental study on the nonlinear dynamic characteristics of a high-speed rotor-gas lubrication bearing system. eir experimental results indicated that gas whirl was the main cause of the nonlinear instability of the system. In addition, the two periodic bifurcations resulting from gas whirling led to the chaos vibration of the rotor-bearing system. Rotor dynamic characteristics are the key of stable operation of ACM, which reflect rotor response features and support characteristics of gas bearings. Morosi [14] presented a detailed mathematical model for hybrid lubrication of a compressible fluid-film journal bearing and built a multibody dynamics model of a global system comprising rotor and hybrid journal bearing to study the lateral dynamics of the system by Campbell diagrams and stability maps. Luis and Ryu [15] propose one way of restraining the critical speed region amplitude by changing the bearing supply gas pressure. Works of Reference [16] provided data on the ranges of stiffness and damping coefficients that made it possible to avoid the loss of stability in symmetric rotors running on selfacting bearings and in externally pressurized bearings. e paper established the finite element model of the ACM rotor system, investigated effects of bearing stiffness and unbalanced exciting force on critical speed and response characteristics by modal and harmonic response analysis, and verified a resonance separation phenomenon on the ACM test rig.
Air Cycle Machine Rotor System

Rotor Structure Parameters.
e structure diagram of the air cycle machine rotor is shown in Figure 1 .
e rotor structure with a single thrust disc of a radial turbine coaxial with a compressor is adopted. A pair of radial-thrust hybrid bearings is used to support the rotor. e main parameters of the rotor system are listed as follows: the material of the shaft is 3Gr13. e mass of the shaft is 533 g. e material, mass, and polar rotational inertia of the turbine are LY12, 169 g, and 9.53 × 10 4 g mm 2 , respectively. e material, mass, and polar rotational inertia of the compressor are LY12, 136 g, and 7.41 × 10 4 g mm 2 , respectively. e radial-thrust hybrid bearings are used in the air cycle machine. e structure of the bearing is shown in Figure 2 . e material of bearings is graphite alloy. e "O" ring is installed on the bearing cup. e structural style for double rows of vertical air supply and orifice-restricted holes is adopted in the aerostatic bearings.
e main structural sizes are listed in Table 1 .
e Model of Rotor System.
e element model of the ACM rotor system is built as shown in Figure 3 . e rotor is divided into 14 shaft sections. Lumped mass points of the turbine and compressor are at the nodes of 4 and 13, respectively.
e nodes of 7 and 10 are bearing nodes. e BEAM18X unit is used during the shaft section modeling. In the modeling process, the shaft section is in the middle of the adjacent nodes. e axis is along the z direction. e axial section is located in the x-y plane.
e radial bearing is simulated by linkage unit COMBI214. Eight stiffness and damping coefficients are adopted to simulate radial bearings.
e principal stiffness coefficients are k 11 and k 22 , and the cross stiffness coefficients are k 12 and k 21 . e principal damping coefficients are c 11 and c 22 , and the cross damping coefficients are c 12 and c 21 . In this paper, the same stiffness coefficients are set in two bearings, and the cross stiffness coefficients are not considered. e principal stiffness coefficients of k 11 Figure 4 gives the Campbell diagram at the principal stiffness coefficient of 2.5 × 10 6 N/m. e legend of "FW stable" in Figure 4 represents forward whirl. e legend of "BW stable" in Figure 4 represents backward whirl. e "F � 1 × spin" is a synchronous force line of s � 1. e actual motion of the rotor under unbalanced exciting force is the forward whirl. So, the critical speeds of the front four-order forward whirl are 9510 r/min, 21986 r/min, 127084 r/min, and 190994 r/min, respectively.
Critical Modal Shapes.
e modal shapes are shown in Figures 5(a)-5(d) . e corresponding modal motion shape of the first-order critical speed is conical whirling modal shape, and the whirl orbit appears dumbbell shape. e corresponding modal motion shape of the second-order critical speed is cylindrical whirling modal shape, and the whirl orbit appears cylindrical shape. e corresponding modal motion shape of the third-order critical speed is first-order bending modal shape, as shown in Figure 5 (c). e corresponding modal motion shape of the fourth-order critical speed is second-order bending modal shape, as shown in Figure 5 (d).
Gas bearing is one elastic support. Effects of different gas film stiffness on the critical speed are obvious. In the actual situations, the bearing supply gas pressure of aerostatic bearings changes from 0.20 MPa to 0.80 MPa, and the corresponding bearing stiffness changes from 0.25 × 10 7 N/m to 0.95 × 10 7 N/m. e critical speed changes with gas film stiffness, as shown in Figure 6 . e first-and second-order critical speed changes with a wide range. With the increasing bearing principal stiffness from 2.5 × 10 6 N/m to 9.5 × 10 6 N/m, the first-order critical speed increases from 9,510 r/min to 18,385 r/min, and the second-order critical speed increases from 21,986 r/min to 43,390 r/min. e corresponding values increase 93.32% and 97.35%, respectively. In Section 3.1, the conclusions can be obtained that the first-order critical speed is conical whirling motion, and the second-order critical speed is cylindrical whirling motion.
e front two-order modal features reflect the characteristics of the gas bearing when the rotor is in a rigid state. So, the front two-order critical speed increases with the bearing stiffness obviously.
e third-order critical speed increases from 127,084 r/min to 129,235 r/min with the increase of bearing principal stiffness. e fourth-order critical speed increases from 190,994 r/min to 191,850 r/min.
e corresponding values increase by 1.69% and 0.45%, respectively. So, the third and fourth critical speed remains about unchanged. at is because the third-and fourth-order critical speed reflects the rotor feature. e rotor stiffness is larger than the bearing stiffness, and the effect of the change of bearing stiffness on the third-and fourth-order critical speed is lesser.
Unbalance Response Analysis
e rotor unbalance includes force unbalance and couple unbalance, which is formed by mass unbalance. During the dynamic balance, the force and couple systems are projected Shock and Vibrationto the correcting plane, and dynamic balance is done by removing or adding the mass. e method of removing the mass on the back of the turbine and compressor is used to balance the ACM rotor. e different unbalanced exciting force F 0 is applied on the back of the turbine and compressor, and the rotor unbalance response characteristics are discussed in the following analysis. e conditions for unbalanced exciting force are listed in Table 2 . e location of unbalanced exciting force for Condition 1 is shown in Figure 7 . e unbalanced force of eccentric mass is shown in
Here, m is the eccentric mass, e is the distance from the center of the mass to the geometric center, and ω is the rotational speed.
e rotational speed ω is synchronous with excitation frequency Ω. So, Equation (1) can be rewritten as
Equation (2) is broken down into Y and Z coordinates, which are shown in Equations (3) and (4) by a complex number.
Forward Backward Disposing of the initial conditions in ANSYS, the value of me is only inputted, and Ω 2 automatically joins the calculation. When the option "RATIO" of the order "SYNCHRO" is blank, the eccentric mass stimulates unbalanced force of the same phase. Set me 1 � 2.0 × 10 −5 kg·m at the turbine end, and set me 1 � 2.0 × 10 −5 kg·m at the compressor end. e response characteristics of the nodes 0 and 3 in Figure 7 and support reaction for bearings 1 and 2 are emphatically analyzed. Because design speed of ACM (60000 r/min) is far below the third-order critical speed, the response characteristics of the nodes 0 and 3 and support reaction for bearings 1 and 2 are emphatically analyzed during first-and second-order critical speed regions.
Analysis of Results
Condition 1
(1) Bearing Stiffness Isotropy. Taking the characteristics in the horizontal direction in Figure 8 as analysis, the amplitude of point B for the second-order critical speed (cylindrical whirling critical speed) is obviously higher than the amplitude of point A for the first-order critical speed (conical whirling critical speed). When the rotor passes the cylindrical whirling critical speed region, the phase of the nodes is consistent with that of the applied unbalanced exciting force, and so, the amplitude of the cylindrical whirling critical speed region is sharply stimulated. e amplitude and phase response of the nodes 0 and 3 for the front two-order critical speed is coincident in Figures 8(a) and 8(b) . e critical circle B of the cylindrical whirling critical speed region is larger than the critical circle A of the conical whirling critical speed region in Figure 8 (c). Each circle skirts 180°in the polar diagram. e support reaction for bearings 1 and 2 is also largest in the cylindrical whirling critical speed region in Figure 8 (d).
(2) Bearing Stiffness Anisotropy. When bearing stiffness is anisotropic, the front two-order critical speed appears with differences between the horizontal direction and vertical direction, as shown in Figure 9 (a). e horizontal bearing stiffness is smaller than the vertical bearing stiffness, and the critical speed value in the horizontal direction is smaller than the value in the vertical direction. In Figure 9 (b), the variation range of the phase for the node 0 increases in the conical whirling critical speed region, which is larger than 180°. e amplitude response and bearing support reaction are also larger in the cylindrical whirling critical speed region, and the corresponding maximum response value occurs at the different speed in different directions in Figures 9(a) and 9(e). Compared with results of bearing stiffness isotropy, salient points A and C appear in Figure 9 (c). As shown in Figure 9 (d), amplitude response in the vertical direction for nodes 0 and 3 is consistent with different power frequencies. e characteristics of bearing support reaction and the node amplitude response are similar, and the amplitude in the conical whirling critical speed region is restrained in Figure 9 (f). e corresponding frequency with the peak of bearing support reaction is different under different bearing stiffness.
Condition 2
(1) Bearing Stiffness Isotropy. e solving results under the same bearing stiffness in Condition 2 are given in Figure 10 . When the phase of applied unbalanced exciting force has phase quadrature, resonance separation occurs in the conical whirling critical speed region. ere are two resonance peaks, whose frequencies, respectively, are 145.00 Hz (A) and 158.75 Hz (B), and whose amplitude are close, as shown in Figure 10 (a). e phase response of nodes 0 and 3 in the vertical direction shows a similar trend in Figure 10 (b). e phases of resonance separation points A and B differ 90°. Two circles are formed with similar radius, which, respectively, are A and B in Figure 10 (c). Meanwhile, the phase range of the conical whirling critical speed region changes in the range of 180°. Resonance separation does not occur in the cylindrical whirling critical speed region. ere is only one circle C in the cylindrical whirling critical speed region. Resonance amplitude in the conical whirling critical speed region is larger than that in the cylindrical whirling critical speed region, and the characteristics of bearing support reaction are similar to amplitude response, as shown in Figure 10 (d). 
Shock and Vibration
Effects of bearing stiffness on the frequency of separation points are given in Table 3 . e frequencies of resonance separation points A and B appear in increasing trend with the increase of bearing stiffness.
e difference value of separation points also shows a little increasing trend.
(2) Bearing Stiffness Anisotropy. A resonance separation phenomenon occurs both in the conical whirling critical speed region at the horizontal and vertical direction under anisotropic bearing stiffness in condition 2. e resonance separation phenomenon does not occur in the cylindrical whirling critical speed region. As shown in Figure 11 (a), the main peak frequencies of resonance separation in the conical whirling critical speed region at the horizontal and vertical directions are marked by A and B. Resonance peaks in the cylindrical whirling critical speed region at the horizontal and vertical directions are marked by C and D. e amplitude of the resonance separation point in the conical whirling critical speed region appears with opposite features in different directions. Because bearing stiffness in the horizontal direction is smaller than that in the vertical direction, the amplitude of resonance separation point A is larger than that of point F in the horizontal direction, and the amplitude of resonance separation point E is smaller than that of point B. Meanwhile, the frequency of resonance separation point A is equal to that of point E, and the frequency of resonance separation point B is equal to that of point F. 
Shock and Vibration 7
In Figure 11 (c), the resonance circle at the vertical direction in the conical whirling critical speed region is from small to big, and the phase range changes in the range of 180°. e circle D is the cylindrical whirling critical circle. e feature of bearing support reaction is similar to amplitude response, as shown in Figure 11(d) .
Condition 3
(1) Bearing Stiffness Isotropy. When bearing stiffness is isotropic under condition 3, the resonance separation phenomenon does not occur in Figures 12(a)-12(d) . e amplitude in the conical whirling critical speed region is 8 Shock and Vibration larger than that in the cylindrical whirling critical speed region. e difference is that bearing support reaction of bearings 1 and 2 in the front two-order critical speed region is approximate. e phase range of conical and cylindrical whirling critical speed regions both changes in the range of 180°in Figure 12 (c).
(2) Bearing Stiffness Anisotropy. e results in this condition are similar to the results of condition 2 in the anisotropic bearing stiffness. e resonance separation phenomenon occurs in the conical whirling critical speed region at the horizontal and vertical directions in Figure 13(a) . e amplitude of the resonance separation point appears opposite features between the horizontal and vertical directions because of different bearing stiffness at two directions.
Meanwhile, the response characteristics for nodes 0 and 3 at the same direction are consistent in Figure 13(b) .
Bearing support reaction of bearing 1 and 2 in the conical whirling critical speed region is consistent with amplitude response, and bearing support reaction of bearings 1 and 2 in the cylindrical whirling critical speed region is relatively larger, which is different from characteristics of response in the cylindrical whirling critical speed region, as shown in Figure 13(d) .
Condition 4 (1) Bearing Stiffness Isotropy.
e resonance separation phenomenon appears in the conical whirling critical speed Shock and Vibration 9 region at the horizontal and vertical directions. Resonance separation points are A and B, respectively, which is similar to condition 2 when bearing stiffness is isotropic. e amplitude in the cylindrical whirling critical speed region at the vertical direction is restrained in Figure 14(a) . e amplitude response at nodes 0 and 3 at the same direction is consistent in Figure 14(b) . e phase appears fluctuated near resonance separation points A and B, and the phase range of conical whirling critical speed region still changes in the range of 180°in Figures 14(c)-14(d) . Two circles are formed with similar radius, which, respectively, are A and B in the polar diagram of Figure 14 (e). e phase feature in this condition is close to that in condition 2 under bearing stiffness isotropy. e resonance separation phenomenon also occurs in the conical whirling critical speed region for bearing support reaction. e amplitude of bearing support reaction in the cylindrical whirling critical speed region is larger than that in the conical whirling critical speed region, as shown in Figure 14 (f ).
(2) Bearing Stiffness Anisotropy. As shown in Figure 15 (a), the resonance separation phenomenon appears in the conical whirling critical speed region at the horizontal direction, but that does not occur at the vertical direction. e amplitude response at the horizontal direction in the critical speed region is relatively smaller, and the amplitude in the cylindrical whirling critical speed region at the horizontal direction is zero. Resonance separation does not occur at the vertical direction, and the amplitude in the conical whirling critical speed region is larger at node 0. at is because applied unbalanced exciting force at the vertical direction is smaller than that at the horizontal direction. e amplitude response at nodes 0 and 3 at the same direction is consistent in Figure 15 (b). e phase characteristics are shown in Figures 15(c)-15(d) . e phase range of each critical speed region changes in the range of 180°. Bearing support reaction of bearing 1 is consistent with amplitude response, and bearing support reaction of bearing 1 in the cylindrical whirling critical speed region at the vertical direction is relatively larger in Figure 15(f) . Resonance circle at the vertical direction is from big to small, which is consistent with the amplitude response. Two circles are formed with similar radius at the horizontal direction, which are, respectively, A and E in the polar diagram of Figure 15 (e).
Dynamic Experiments of ACM Rotor System
Experimental System.
e experimental system includes high pressure gas source (air compressor), vibration testing and analysis system, bearing and driven gas control system, and ACM, as shown in Figure 16 .
High-pressure gas source is made up of a screw-type air compressor, gas tank, dryer, and filter. A screw-type air compressor provides high-pressure air with a maximum pressure of 1.2 MPa and maximum mass flow of 3.90 kg/s. e volume of the gas tank is 8 m 3 . Bearing and driven gas control system contains pressure gauge, thermometer, flow meter, pressure stabilizing valve, electro-pneumatic air regulator, and safety shut-off valve. e gas control system achieves the following functions based on LabVIEW, including speed control, bearing gas pressure control, alert control, and graphical display. Subsection speed control is realized in the acceleration and deceleration process. Different rise rates can be set, and different settling time can be set at the end of acceleration. Subdivision control and automatic control is realized in the bearing gas pressure control, which means different bearing gas pressure can be set during different speed regions. Vibration and overspeed control is achieved in alert control.
e control system displays the parameters of pressure, flow, and temperature in real time and completes data online monitoring and offline analysis. e vibration testing and analysis system includes eddy current displace sensors, data acquisition, and computers. Two pairs of eddy current sensors, which are outside the impellers, orthogonally positioned, and facing the rotor ends, are utilized to measure the rotor lateral vibration amplitudes along the X-(vertical) and Y-(horizontal) planes. Another eddy current sensor mounted at the turbine end of the rotor is used to act as a keyphase signal for data acquisition and processing. e rotor system of ACM has been described in Section 2.
Critical Speed Characteristic Analysis of ACM.
e bearing supply gas pressure is at 0.70 MPa in the experiments. As shown in Figures 17 and 18 , Bode diagram and axis center track are used to describe the critical speed characteristics.
In Figure 17 (a), resonance separation occurs during the conical whirling critical speed region. e first resonance peak at the turbine end in the vertical direction is at 12,930 r/min (66.64 μm), and the second is at 15,071 r/min (36.29 μm). Two circles are formed at the conical whirling critical speed region In Figure 17(b) . e phase range of two circles changes in the range of 180°. Phase difference of the main peak is 180°between the turbine end and compressor end at the vertical direction, which reflects conical whirling feature.
e amplitude of the cylindrical whirling critical speed region is restrained, and there are not obvious resonance peaks at the turbine end in the vertical direction after the conical whirling critical speed. e characteristics of the compressor end at the vertical direction are similar to that of the turbine end at the vertical direction.
ere are many small peaks from 21,000 r/min to 27,000 r/min after the conical whirling critical speed at the compressor end. Resonance separation also occurs during the conical whirling critical speed region. e first resonance peak at the compressor end in the horizontal direction is at 12,021 r/min (33.49 μm), and the second is at 14,455 r/min (41.18 μm). e critical circle is from small to big, which is contrary to that in the vertical direction. By comparison, the critical speed value during the conical whirling critical speed region is smaller than that in the vertical direction. e conclusions are that bearing stiffness at the compressor in the horizontal direction is smaller than that in the vertical direction.
e phase also appears regular fluctuations. e amplitude appears a peak near 24,400 r/min, which is regarded as the second-order critical speed (cylindrical whirling critical speed). Combined with the results of Section 3, unbalanced exciting force of different amplitudes and different phases on two impellers cause the resonance separation at the horizontal and vertical direction, and restrained amplitude in the cylindrical whirling critical speed region. Bearing stiffness anisotropy brings vibration amplitude of critical speed different.
Axis center tracks for the compressor end in the conical whirling critical speed region are shown in Figure 18 . Taking A as the initial state, axis center track displays ellipse A at this moment, and long axis of A points to 160°. When axis center track changes from A to B, the amplitude at the vertical direction is larger, and resonance peak of the conical whirling critical speed region is just here. With the increase in speed, minor axis gets shorter, and axis center track turns C. e axis center track of the second resonance peak is D at 14,320 r/min. e axis center track turns into approximate round E at 17,134 r/min after the conical whirling critical speed region. e phase of long axis turns from 160°to 30°, with axis center tracks from A to E.
Conclusions
Numerical simulation and experimental verification are used to research effects of unbalanced exciting force on ACM rotor response and bearing support reaction. e main conclusions are as follows.
e front two-order critical speed for the rotor system of ACM is, respectively, conical whirling and cylindrical whirling critical speed, which reflects elastic characteristics of the gas film. e critical speed values increase with gas film stiffness. e amplitude of critical speed is related to gas film and unbalanced exciting force characteristics. When bearing stiffness is anisotropic, the front two-order critical speed appears with differences between the horizontal direction and vertical direction. e horizontal bearing stiffness is smaller than the vertical bearing stiffness, and the critical speed value at the horizontal direction is smaller than the value at the vertical direction.
e resonance separation phenomenon appears in the conical whirling speed region when difference exists in the phase of applied unbalanced exciting force. e resonance separation phenomenon also occurs when the amplitude of unbalanced exciting force is different and meanwhile, bearing stiffness is anisotropic. When unbalanced exciting force applied on the impellers has the same phase, the amplitude in the cylindrical whirling critical speed will be enlarged. In the dynamic experiments of the ACM rotor system, the resonance separation phenomenon in the conical whirling speed region is verified. e reasons for the resonance separation characteristics of the ACM rotor system are given combined with numerical simulation results, which could provide references for the parameters selection and optimization of the critical speed region, and also could provide theoretical support for the corresponding vibration fault diagnosis.
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